Geothermal fluid utilization is considered one of the green energy sources. Yet, mitigation strategies must be applied to reduce the associated pollutants like carbon dioxide (CO 2 ) and toxic hydrogen sulfide (H 2 S) emissions. One suggested method is the re-injection of the two gases back into the geothermal reservoir wherein carbon and sulfur are expected to mineralize naturally for a long-term underground storage. However, CO 2 and H 2 S mineralization rates for natural systems are not well defined. To address the feasibility of such sequestration, experiments were conducted at 250°C for several reservoir rock types, ranging from basaltic to silicic. Analysis of solution composition and secondary mineralogy confirmed the precipitation of Fe-Ca carbonates and Fe sulfide for all the rocks within days. The measured mineralization rates indicate that ∼0.2-0.5 t of CO 2 , and ∼0.03-0.05 t of H 2 S can be sequestrated annually per cubic meter of rock, depending on reservoir lithology and surface area. Calculations show that a total rock sequestration capacity of ∼0.03 km 3 would be sufficient to store the annual world CO 2 and H 2 S geothermal emissions. These findings indicate efficient abatement of CO 2 and H 2 S at field conditions, confirming the strategy potential for at least the typical 50 years-lifetime of geothermal power plants.
Introduction
The increasing level of carbon dioxide (CO 2 ) in the atmosphere is considered to cause climate change (IPCC, 2014) . The fraction of anthropogenic CO 2 in the atmosphere amounts to ∼30% (∼900 Gt) (Hofmann et al., 2009) , with geothermal exploitations contributing only ∼9 Mt/yr through more enhanced natural discharges (Bertani, 2016; Fridriksson et al., 2016) . However, besides CO 2 , geothermal activity emits hydrogen sulfide (H 2 S), which is toxic and life-threatening when above 100 ppm (Agency for Toxic Substances and Disease Registry (ATSDR), 2016), and commonly contains pollutant elements such as arsenic, boron, and mercury (Barbier, 2002) . If present at high concentrations in the geothermal fluids, these chemicals represent a major environmental concern once released to the environment at surface (e.g., Hansell and Oppenheimer, 2010; Kristmannsdóttir and Ármannsson, 2003) . One developing method to reduce the geothermal CO 2 and H 2 S emissions is the re-injection of the gases together with condensed steam and/or waste water back into the reservoir where natural fluid-rock interactions are considered to lead to mineralization of secondary carbonates and sulfides, respectively (Aradóttir et al., 2015) . This option offers the advantages of avoiding major modifications on the power plants, costly CO 2 and H 2 S separation steps, and generation of waste by-products while harvesting the heat energy.
A number of laboratory and field investigations have focused on the CO 2 sequestration potential of mafic rocks, demonstrating its potential and the associated environmental and societal benefits (e.g., Galeczka et al., 2014; Gysi and Stefánsson, 2012; Matter et al., 2016 Matter et al., , 2007 McGrail et al., 2016; Rosenbauer et al., 2012; Schaef et al., 2009; Shibuya et al., 2013) . The results highlight the feasibility of long-term underground storage of greenhouse gas in a solid state. On the other hand, very few studies have considered the H 2 S abatement through geological storage (e.g., Bachu and Gunter, 2005) , and even less through mineralization at geothermal conditions (Přikryl et al., 2018; Stefánsson et al., 2011) . Technical difficulties encountered during reinjection tests in the field, such as gas breakthrough and well casing corrosion, have led to the development of other abatement technologies (Sanopoulos and Karabelas, 1997) . For instance, a more conventional and usually expensive approach commonly in use to reduce H 2 S emissions from geothermal power plants is oxidation to form elemental sulfur or sulfuric acid (Rappold and Lackner, 2010; Rodríguez et al., 2014) . However, the recent successful H 2 S re-injection into the basaltic reservoir at the Hellisheiði power plant, SW Iceland, has put this option https://doi.org/10.1016/j.ijggc.2018.07.011 Received 15 January 2018; Received in revised form 28 June 2018; Accepted 7 July 2018 under the spotlight (Gunnarsson et al., 2015) . Nonetheless, considerable uncertainties remain relating to the co-mineralization potential, especially the effects of H 2 S mineralization on the CO 2 sequestration, chemical variability of host-rocks, and reservoir capacity. To address these issues, we investigate the geochemical applicability of re-injection of CO 2 and H 2 S into geothermal reservoirs by conducting experiments on a suite of typical host-rocks and the potentials of such sequestration method for geothermal systems worldwide.
Materials and methods

Solid material
Three volcanic glasses were used to account for the compositional variability of the main common rock types associated with geothermal systems worldwide: basaltic glass (BG) (Stapafell Mountain, SW Iceland); dacitic glass (DG) (Hekla volcano, S Iceland); and rhyolitic glass (RG) (Askja caldera, NE Iceland) (Oelkers and Gislason, 2001; Wolff-Boenisch et al., 2004) . The solid material was ground, and then sieved to obtain a 45-125 μm size fraction, which was then used in the experiments. The material was cleaned ultrasonically in deionized water and acetone to obtain grains with smooth surfaces and no fine particles (< 10 μm) (Fig. 1) .
The surface morphology, before and after the experiments, and the secondary mineralogical composition of the solid products were analysed using scanning electron microscopy (LEO Supra™ 25 FE-SEM) and standard energy-dispersive spectrometry (EDS). All chemical analysis was performed using an acceleration voltage of 20 kV, a beam current of 200 pA, and a beam diameter of 1-2 μm. Natural and synthetic minerals and glasses were used as standards to check for potential drift.
The bulk chemical composition and the physical characterisation of all the glasses pre-experiment are summarised in Table 1 .
Solution preparation and analysis
The initial experimental solution contained ∼15.5 and ∼2 mmol/l of dissolved inorganic carbon (DIC = [CO 2 ]+[HCO 3 − ]+[CO 3 2− ]) and H 2 S, respectively, and had pH ∼7 (Table 2) . They were made from HCl (Sigma-Aldrich ® 37%), Na 2 CO 3 (Sigma-Aldrich ® ), and Na 2 S (Sigma-Aldrich ® ) in N 2 -deoxygenated deionized water (Millipore ™ ). A fresh solution was made every two to three days to avoid oxidation of H 2 S. For all experiments, the inlet solution was undersaturated with respect to sulfide and carbonate minerals.
Samples of inlet and outlet solutions were collected to determine their chemical composition. Samples for major dissolved elements (Si, Ti, Na, K, Mg, Ca, Fe, Al, Cl) determination were first filtered through 0.2 μm, then acidified to 1% HNO 3 (Suprapur ® ), and analysed using ICP-OES. Samples for SO 4 analysis were treated with 2% Zn-acetate (1 ml-100 ml sample) in order to precipitate all the residual H 2 S as ZnS (s), which was filtered off prior to measuring SO 4 using IC. Determination of pH, CO 2 , and H 2 S was carried out on un-treated samples using a combination of a pH electrode and a pH meter, modified alkalinity titration, and precipitation titration using Hg-acetate, Oelkers and Gislason (2001) . respectively (Arnórsson et al., 2006; Stefánsson et al., 2007) . The analytical precision at the 95% confidence level based on repeated analysis of an internal standard was ∼1-10% for different elements. Based on duplicated determination, the analytical precision of CO 2 and H 2 S concentrations was < 3%, and pH was ± 0.05 pH units.
Experimental setup
The re-injection of CO 2 and H 2 S into geothermal reservoirs and subsequent mineralization was studied using flow-through column experiments at 250°C and 55 bar to reproduce typical geothermal conditions. A schematic illustration of the pressurized reactor system is shown in Fig. 2 . All wetted parts of the experimental apparatus were made of inert material, including PEEK, titanium and Inconel. The CO 2 -H 2 S-rich solutions were pumped into the 29 cm-long reactor at flow rates of 0.5 ml/min using a HPLC pump (Chromotech ® ), and the pressure was controlled at the end of the line using a back pressure regulator (Coretest). The reactor was heated to the target temperature ( ± 5°C) using a heating mantle and a temperature controlling system. The outlet fluid was cooled to room temperature with the help of a cooling jacket placed between the reactor and the back pressure regulator. Samples of the outlet solutions were collected at the low-pressure end of the back-pressure regulator. Samples of the inlet solutions were collected directly from the inlet solution bottle. The initial experimental conditions are summarised in Table 2 . The solid samples post experiments were carefully collected pushing the rock slurry out of the reactor from top to bottom, with the help of a cylindrical bar and spatula. On the base of the total reactor length, four sections of ∼7 cm of length were separately stored to study the dissolution-precipitation products as a function of time and space. The material was then dried at 50°C, and part of it mounted on a sample holder and gold-coated for SEM-EDS analysis.
Sequestration rates
The steady-state experimental mineralization rates r i (log mol/m 2 /s) were calculated for CO 2 and H 2 S as follow:
where Q stands for flow rate, Δ i represents the concentration difference of CO 2 or H 2 S between inlet and outlet solutions, A is the initial specific surface area, and M is the initial mass of ground particles inside the reactor. In this study, both BET specific surface areas (A BET ), and computed geometric surface areas (A geo ) were considered. To scale up the obtained laboratory mineralization rates to field conditions, the equivalent steady-state sequestration rates (sr i ) of CO 2 and H 2 S for natural systems were calculated from the relationship:
where r i is the experiment mineralization rate of CO 2 or H 2 S normalized to geometric surface area, A field is the rock surface area of natural geothermal systems (m 2 /g), and ρ is the respective rock density (g/m 3
). Field sequestration rates were normalized only to geometric surface area because were found to be more consistent than normalized rates to BET, which are usually considered to overestimate the true reactive surface area between fluids and rocks (e.g., Anbeek, 1992; Brantley and Chen, 1995; Brantley and Mellott, 2000; Gislason and Oelkers, 2003; Lüttge and Arvidson, 2008; Přikryl et al., 2017; Wolff-Boenisch et al., 2004) .
Results
Solution chemistry
The results of the chemical composition of the experimental solutions are given in Table 3 . For all rock types, the pH increased from neutral in the inlet solutions to more alkaline in the outlet solutions. In the case of BG, the first measured outlet pH was 4.5 due to the presence of non-deoxygenated distilled water within the reactor, initially used to compact the powder. This water triggered an initial acidification of the inlet solution, but in less than 4 h the outlet pH was re-established at 7. On this base, no distilled water was used for the other experimental runs. For basaltic (BG) and intermediate (DG) rocks the outlet pH increased with experimental duration to > 8, whereas for silicic rocks (RG) the pH was relatively stable between 7.3 and 7.9 throughout the experiments (Fig. 3) . The accompanied decrease of CO 2 and H 2 S was estimated from the difference between the inlet and outlet solution concentrations (Fig. 3) . The DIC and H 2 S concentration difference between the inlet and outlet reached 52 and 36% for basalt (BG), 17% and C. Marieni et al. International Journal of Greenhouse Gas Control 77 (2018) 96-105 Table 3 Chemical composition of the experimental inlet and outlet solutions. 
Secondary mineralogy
The secondary minerals identified within the alteration assemblages included carbonates, sulfides, feldspars and epidote (Fig. 4) . In all the host rocks, the only secondary mineral containing sulfur was pyrite, which exhibits euhedral crystals of ∼1-3 μm. No anhydrite (CaSO 4 ) or other sulfate minerals were observed. Iron-enriched solid solution of siderite (Fe ≤0.05 ) and calcite (Ca ≥0.95 ) formed preferentially in the basaltic rocks (BG), whereas calcite end-member solid solution prevailed within silicic rocks (RG) and intermediate rocks (DG). Iron-enriched solid solution of carbonates was present as tabular crystals up to ∼10 μm, and sometimes in the shape of massive conglomerates. Calcite grains ranged in size from ∼1 to 20 μm, with sub to euhedral crystal habit. The presence of albite and epidote confirmed the achievement of silicate saturation state during the experimental runs. Albite was visible in all the post-experiment materials, with up to ∼20 μm large crystals. Epidote was detected associated with intermediate (DG) and silicic rocks (RG), shaped into ∼5-15 μm big, elongated crystals.
The distribution of secondary minerals during the fluid-rock interaction, obtained by point counting through secondary electron microscopy, is shown schematically in Fig. 5 as a function of four spatial stages. Carbonates and sulfide were most abundant at the inlet side of the reaction column, and decreased with distance along the fluid flow. This demonstrate a rapid solution saturation with respect to carbonand sulfur-bearing minerals during the initial stage of fluid-rock Fig. 3 . DIC (A) and H 2 S (B) sequestration capabilities into geothermal reservoirs based on the inlet and outlet experimental solution composition (Δ% = c inlet -c outlet / c inlet *100), and pH (C) values of the outlet solutions. Fig. 4 . SEM images of typical secondary phases observed within the post-experiment solid material. A) pyrite (py) precipitation on basaltic glass with minor carbonates; B) secondary calcite (cal) with blocky albite (ab) on the grain of dacitic glass; C) epidote (ep) with plagioclase (pl) on rhyolitic glass; D) example of ∼20 μm big crystal of calcite; E) example of ∼3 μm big crystals of pyrite; and F) EDS spectra of pyrite, albitic plagioclase, calcite, and epidote.
interactions. On the other hand, albite and epidote were mostly located in the outlet side of the reaction column, suggesting a lower initial saturation state. Overall, considering the whole reactor, the suggested order of abundance of the main secondary minerals is carbonates > pyrite > albite > epidote.
Discussion
CO 2 and H 2 S mineralization rates
The steady-state CO 2 and H 2 S mineralization rates (r i ) were obtained from the experimental results, normalized both to BET and geometric surface area (Eq. (1)). The CO 2 rates were calculated based on the observed carbonate mineral composition (Ca 0.95 Fe 0.05 CO 3 ). The results are listed in Table 4 . For the CO 2 mineralization, the rock types with fastest rate were basaltic and intermediate rocks, both showing similar potential. For the H 2 S mineralization rates, the opposite was observed with the fastest rate for silicic rocks (RG), despite its low content in Fe. The CO 2 and H 2 S mineralization rates for volcanic rocks obtained here were observed to be faster than for sedimentary rocks (Benson and Cole, 2008; Gunter et al., 1997) . Moreover, the H 2 S mineralization rates obtained here are comparable with previous results at similar pH, and temperature, for basaltic conditions (Přikryl et al., 2018) . This suggests that carbonate formation does not significantly affect the mineralization rate of sulfide.
Considerable differences were observed between the mineralization rates normalized to BET and geometric surface area. However, given the BET overestimation of true reactive surface area, the rate estimations normalized to geometric surface areas are considered to be more consistent with the dissolution behavior of natural glass, and were used for further calculations at field conditions. It should also be pointed out that the rates obtained here are related to optimal mineralization conditions with freshly ground material, high porosity (∼70%), and very extensive particle surface area available for fluid-rock interactions. Geothermal reservoir may instead be characterized by already altered rocks and lower porosity (Aradóttir et al., 2012; Gunnarsson et al., 2011) , and reactive surface areas associated to fracture networks (Watanabe and Takahashi, 1995) .
The sulfides and carbonates mineralization was observed to occur preferentially on the inlet side of the flow-through column with more complex aluminum silicates forming at the outlet side. This is in agreement with the evolution of the solution composition. The divalent cations are leached from the rocks upon reactions with the CO 2 and H 2 S-rich fluids, resulting in the initial carbonate and sulfide mineral saturation and their formation. At this initial stage many common Ca, Mg and Fe containing aluminum silicates are undersaturated and do not form. However, with progressive reactions along the flow-path, the solution pH increases as well as the elemental concentrations in solutions, eventually resulting in aluminum silicate mineral saturation and formation of, for example, albite and epidote. Previous studies have demonstrated how the uptake of divalent cations like Ca 2+ , Mg 2+ and Fe 2+ by such aluminum silicates may reduce the rock capacity of mineralizing CO 2 and H 2 S into carbonates and sulfides (e.g., Gysi and Stefánsson, 2012; Hellevang et al., 2017; Přikryl et al., 2018; Stefánsson et al., 2011; Wolff-Boenisch and Galeczka, 2018) .
CO 2 and H 2 S sequestration rates for natural geothermal systems
One developing method to reduce the geothermal CO 2 and H 2 S emissions is the re-injection of the gases into the geothermal reservoir where they are potentially mineralized (Aradóttir et al., 2015) . Based on the experimental mineralization rates, the rock geometric surface area of natural geothermal systems and rock density, the field scale CO 2 and H 2 S sequestration rates were estimated (Eq. (2)). The field geometric surface areas (A field,geo ) have been set to 0.002 m 2 /g (Aradóttir et al., 2012) for all the rock types. The scaled up field mineralization rates resulted in the range of ∼200 to ∼500 kg/m 3 /yr for CO 2 , and of 30 to ∼50 kg/m 3 /yr for H 2 S (Table 5) . Based on the SEM-EDS analysis on the composition of the secondary phases, these rates on CO 2 and H 2 S led to an estimated mineralization of ∼120-300 kg/m 3 /yr of carbonates, and ∼50-85 kg/m 3 /yr of pyrite, respectively. Further calculations based on the initial rock stoichiometry shows that the annual estimated carbonates in DG and RG approached the maximum stoichiometric mass of secondary minerals that can precipitate per m 3 of rock (Table 5 ). The fact that each m 3 of rock is depleted in metallic cations around one year suggests that the total sequestration volumes must be bigger than this. However, the annual field scale sequestration rates, extrapolated from laboratory data, propose valuable estimations, which can be used to calculate the sequestration capacity, and to assess the feasibility of CO 2 and H 2 S sequestration into natural geothermal systems.
CO 2 and H 2 S emissions and sequestration capacities worldwide
In this study the CO 2 and H 2 S emissions from geothermal power plants worldwide were estimated. The CO 2 and H 2 S emission rates were obtained in terms of emissions per energy produced (g/kWh) per country, and then multiplied by the averaged production of geothermal energy per year (GWh/yr) (Bertani, 2016) . The CO 2 emissions are on average 134 g/KWh, which is in agreement with the previously proposed 122 g/KWh (Fridriksson et al., 2016) based on a survey involving emissions from only the ∼50% installed capacity. The H 2 S emissions, proposed here for the first time, are on average 1.83 g/kWh. Both average values were calculated for 97% of the geothermal capacity installed worldwide (Bertani, 2016) . The current world total emissions from geothermal activity, before any abatement system, were estimated to be ∼10 Mt of CO 2 per year, and ∼0.2 Mt/yr of H 2 S, with peaks in Italy, Turkey, U.S., Iceland, Mexico, and New Zealand (Table 6) .
Using the field sequestration CO 2 and H 2 S mineralization rates (sr i geo ) and the gas emissions (Q gas ), the sequestration capacity (SQ i ) were calculated according to
The results are listed for each country in Table 6 . Based on these estimations, a geothermal field with sequestration capacity of 3 × 10 −2 km 3 would be sufficient to store the annual world CO 2 and H 2 S geothermal emissions, and 1.6 km 3 to store the global CO 2 and H 2 S geothermal production over an average power plant lifetime of 50 years. Furthermore, Table 6 summarizes the sequestration capacities for specific geothermal power plants in Mexico, New Zealand, Iceland, and El Salvador. In the case of Wairakei power plant (New Zealand), only 4 × 10 −4 km 3 of host rock would be needed to sequester through reinjections into andesite all the CO 2 (∼78 kt) and H 2 S (∼0.5 kt) produced in one year, and 2 × 10 −2 km 3 through all the lifetime of the plant. The obtained sequestration capacities are based on experimental conditions and do not take into account the variability of natural systems, for example in porosity, permeability, and reactive surface area. Moreover, natural rocks may already be altered to variable degrees. However, the CO 2 and H 2 S sequestration into geothermal systems is considered a feasible abatement method in terms of geochemistry and gas emissions as it may rapidly convert the global geothermal emissions into solid minerals, throughout the lifetimes of a geothermal power plants, and within reasonable reservoir volumes (Fig. 6 ) even when stoichiometric limitation would be accounted for. Table 6 Geothermal emission rates of CO 2 and H 2 S by country, together with the field sequestration capacity for 1 year, calculated with A geo . As examples, detailed data of four geothermal power plants across the world are shown (details in Appendix A). To calculate these values, the lithologies listed for the country have been associated with the chemically most similar experimental composition: andesite with dacite, and granite with rhyolite. The top 13 countries are listed in decreasing order following their installed geothermal capacity described by Bertani (2016 Adams et al. (2000) , Thompson (1992) 778 31
Economic implications
In the last decades, the CO 2 and H 2 S geological sequestration have received increasing attention due to the pressing need to control the environmental aspects and to limit GHG emissions globally. Advantages and disadvantages have been evaluated, and, as all the proposed geoengineering solutions, even this strategy has been found to be lacking in information on two key issues: feasibility and economic impact. Following this, the current experimental findings extended and broadened the applicability of said strategy into natural geothermal system. From an economical perspective, the low-cost H 2 S removal involved with the proposed method of gas re-injection, estimated to be < 30 $/t (LDEO Columbia University, 2018), could play a key role in the case of geothermal activities characterized by H 2 S-rich fluids. New Zealand, Japan, Italy, and Mexico are all examples of countries with H 2 S emission rates above the average value of 1.83 g/kWh, generating more than 10 kt of H 2 S per year, and spending at least 115 $/t for H 2 S reduction (Mamrosh et al., 2012) . The in-situ simultaneous re-injection of CO 2 and H 2 S for geological storage could then act as incentive to drastically decrease the GHG emissions while adopting an economically convenient H 2 S abatement system, otherwise very expensive. Also, the coupling of CO 2 and H 2 S would optimize the space used by geothermal fields, the number of required facilities, and the capital invested for waste water disposal. Further investigations would however be required to determine CO 2 and H 2 S mineralization rates at lower temperatures, permeability and reactive surface area in the reservoirs, and effect of higher gaseous concentrations in the inlet fluids on the reservoir porosity.
Further implications
From a wider perspective, a number of additional steps are required to assess the sustainability of long-term re-injections, bridging laboratory experiments and field scale projects. Further study on the optimal sequestration in geothermal systems will also have to consider: (1) the clogging of the reservoir due to intensive mineralization close to the fluid re-injection well, (2) the movement of the secondary mineralization front within the reservoir, eventually reaching production wells, and (3) the use of large volumes of valuable groundwater and its implication on the market. However, results suggest that: the porosity close to the re-injection well increases with time due to the vigorous dissolution of the primary rock, and the system does not clog over continuous re-injections modelled for > 100 years (Přikryl et al., 2018) ; the rapid mineralization during field re-injections of CO 2 and H 2 S for over 2 years confirms such predictions (Matter et al., 2016) ; and the use of unlimited supplies of seawater rather than groundwater could be a more feasible and economically convenient option Snaebjörnsdóttir and Gislason, 2016; Wolff-Boenisch et al., 2011; Wolff-Boenisch and Galeczka, 2018) .
More importantly, the current political and economic efforts put into geological storage of gaseous emissions from geothermal activities is not at the level of impacting climate change. However, the implementation of this sequestration strategy to the geothermal energy production provides a greener alternative to energy produced by coal and oil.
Conclusions
The present work explored the potential of re-injections of CO 2 and H 2 S under geothermal conditions, as a strategy to reduce the anthropogenic emissions into the atmosphere. Flow-through column experiments at 250°C demonstrate the geochemically possible and rapid sequestration of both gases, even with initial neutral pH, and within rocks of various compositions. The successful mineralization in silicic rocks, such as dacitic and rhyolitic glasses, extends the applicability beyond the Icelandic basalt. However, the faster reactivity of amorphous rocks compared to crystalline material, and the high experimental porosity must be taken into account during the determination of reservoir storage potential. CO 2 and H 2 S are mineralized as carbonates and pyrite, respectively, already in the initial stage of fluid-rock interactions. On the other hand, the observation of additional silicate mineralization could be a limiting factor on the long-term, and further detailed investigations are required.
The analysis on CO 2 and H 2 S emission rates by country, based on the information available for the main geothermal power plants, estimates fluxes of ∼10 Mt of CO 2 per year, and ∼0.2 Mt/yr of H 2 S, with peaks in Italy, Turkey, U.S., Iceland, Mexico, and New Zealand. The CO 2 rate is consistent with previous studies, whereas the H 2 S emission rate is here proposed for the first time. These findings indicate encouraging, yet polluting emissions from power plants that produce energy through renewable sources. The re-injection of gas mixture may help to boost the carbon capture and storage market, exploiting the relatively low cost associated with the capture of CO 2 to also abate the H 2 S -the removal of which is otherwise very expensive. The proposed method is five-times cheaper than common H 2 S abatement systems. Moreover, this geological sequestration requires relatively small volumes to accommodate the annual CO 2 and H 2 S geothermal worldwide emissions, which is very promising for long-term operations.
The worldwide application of this re-injection strategy would lead to the production of enhanced energy from geothermal fluids free from atmosphere-polluting emissions by their permanent mineralization underground, contributing to address one of the major environmental concerns on a global scale.
